Very small amount of B promotes the disorder/order transformation of L1 0 CoPt at low annealing temperature along with excellent c-axis orientation. The c-axis is slightly expanded by B atoms interstitially incorporated into the octahedral sites in the L1 0 CoPt lattice. Magnetic measurements using Hall magnetometry have revealed that the magnetic anisotropy energy (MAE) is enhanced by elongation of the c-axis. This result is in harmony with the first principles calculation which predicts that the c-axis elongation enhances the MAE of L1 0 CoPt due to the d band splitting of Co near the Fermi level in the minority spin state. (Received April 15, 2003; Accepted June 3, 2003) Keywords: L1 0 , cobalt platinum, disorder-order transformation, boron, magnetic anisotropy Magnetic recording is a predominant data storage technology and continues to make rapid advances in data densities. In the near future, however, achievable data densities will be restricted by fundamental magnetic phenomena such as superparamagnetic behavior, resulting in bit instability. The superparamagnetism is the consequence of random field fluctuations due to overcoming the activation energy K u v by thermal energy k B T. Here, k B and K u are the Boltzmann constant and the magnetic anisotropy energy (MAE) per unit volume, respectively, and v is the volume of a reversal unit. Equiatomic CoPt and FePt alloy films with an L1 0 ordered structure have been attractive as ultra-highdensity magnetic recording media, 1,2) because the thermal agitation of spins would be suppressed by their very large MAE with a level of 10 6 -10 7 J/m 3 . 3, 4) In general, however, high temperature processes above 600 C are indispensable for ordering in CoPt and FePt. 5) From a practical view point, such a high temperature process is unsuitable for massproduction of magnetic recording media. There have been several attempts to reduce the ordering temperature. [6] [7] [8] [9] [10] [11] [12] [13] [14] In our previous study, 15) we have investigated the effects of C and B on the ordering of L1 0 CoPt films and confirmed the following quite different roles between C and B in CoPt; C is not incorporated into the CoPt lattice due to its positive heat of solutions with Co and Pt, resulting in no change in the ordering temperature. In contrast, a very small amount of B considerably decreases the temperature for ordering and they are interstitially incorporated into the octahedral sites of L1 0 CoPt due to the large negative heat of solutions with Co and Pt. Structural analysis showed that interstitially incorporated B increases the lattice constant c without a notable change in a: the axis ratio c=a of fct L1 0 CoPt approaches to 1 of the fcc structure. Such a decrease in the tetragonal distortion of the ordered fct L1 0 will reduce the activation energy for the disordered-fcc/ordered-fct transformation, resulting in significant reduction of the temperature for ordering. However, it still remains unclear whether such a lattice distortion affects the MAE of L1 0 CoPt. The first principles calculation by Sakuma demonstrates that the c-axis elongation enhances the MAE of L1 0 CoPt due to d band splitting of Co near the Fermi level E F in the minority spin state, regarding as being associated with the behavior that the MAE increases with decreasing band filling. 16) In the present work, we investigate the MAE of L1 0 CoPt films containing several atomic percent of B and discuss the effect of tetragonal distortion.
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The (Co 0:5 Pt 0:5 ) 100Àx B x (x ¼ 0{12) films were prepared on surface oxidized Si substrates in a dc magnetron sputtering system under an argon gas pressure of 1.3 Pa at ambient temperature. The film thickness was fixed at 10 nm. In order to obtain an excellent (001) orientation of L1 0 CoPt, a thermal rapid annealing was performed in a vacuum chamber of 6 Â 10 À6 Pa at the temperature of T a ¼ 300{650 C. 17) The temperature was elevated to T a in 1 min, held for 3 min, and then cooled down to ambient temperature. The crystal structure and the lattice parameters were determined by Xray diffractometry with CuK radiation. The lattice parameters a and c were accurately determined by Cohen's method using the Nelson-Reily function. 18, 19) The order parameter S was defined as the probability of the site occupation in the ordered L1 0 CoPt structure, and was obtained from the relation
where ðI 001 =I 002 Þ Calc is 2.0 for the CoPt thickness examined in the present study, I 001 and I 002 are the integrated intensities of (001) superlattice and (002) fundamental diffractions, and ðI 001 =I 002 Þ Meas and ðI 001 =I 002 Þ Calc are the measured and the calculated diffraction intensity ratios. The calculated intensity is obtained by taking the X-ray penetration depth 19) and Debye-Waller factor into account. 20) The film compositions and chemical bonding states were investigated by X-ray photoelectron spectroscopy (XPS) with Al-or Mg-K radiation. The room temperature magnetic properties were measured with a vibrating sample magnetometer in a maximum field of 1.6 MA/m. The magnetic anisotropy * Graduate Student, Tohoku University. 21, 22) From the equilibrium condition of magnetic energy for a perpendicular anisotropy film, the normalized vertical magnetization component m z (¼ M z =M S ) can be derived as
where H denotes the angle of the external field H with respect to the easy axis. The K eff 1 includes both the intrinsic first order anisotropy K 1 and the demagnetizing energy. By plotting H against (1 À m 2 z ), we can simultaneously determine K 1 and K 2 .
Figures 1(a) and (b) show the typical -2 scans for CoPt-2 at%B and CoPt films annealed at various temperatures T a . For the CoPt-2 at%B film, the (001) superlattice diffraction from L1 0 -CoPt is clearly observed after annealing at T a ¼ 300 C, showing an excellent (001) orientation. Apparently, the diffraction intensity ratio I 001 =I 002 increases with T a , indicating promotion of ordering. In contrast, the CoPt film without B maintains the preferential (111) orientation over the whole temperature range examined in the present study. To clarify the c-axis orientation of L1 0 CoPt-2 at%B in detail, (112) superlattice diffractions were measured by adjusting the sample plane to satisfy the Bragg condition. 21) Two kinds of (112) diffractions depending on the c-axis orientation of the L1 0 CoPt film annealed at T a ¼ 350 C are shown in Fig. 2(a) , where (112) a and (112) b diffractions correspond to the components with the c-axis of L1 0 CoPt perpendicular and parallel to the film plane, respectively. Absence of (112) b diffraction indicates that the c-axis aligns along the film normal without any {100} crystal domain variants. Moreover, the c-axis orientation is excellent as is evident from the (002) rocking curves shown in Fig. 2(b) . Figures 3(a) and (b) shows the order parameter S and the lattice constants a, c, and c=a of L1 0 CoPt-2 at%B and À8 at%B as functions of T a . With increasing T a , the order parameter S reaches 0.7-0.8 at T a ¼ 550 C and then decreases at higher T a probably due to the formation of Pt 3 B 2 .
15) Note that addition of B expands the c-axis without change in the lattice constant a, resulting in larger c=a compared with that of the L1 0 CoPt film, as shown in ig. 1 Typical -2 scans for (a) CoPt-2 at%B and (b) CoPt films annealed at various temperatures T a . For the CoPt-2 at%B film, the (001) superlattice diffraction from L1 0 CoPt is clearly observed after annealing at T a ¼ 300 C, showing an excellent (001) orientation. Apparently, the diffraction intensity ratio I 001 =I 002 increases with T a , indicating promotion of ordering. In contrast, the CoPt film without B maintains a preferential (111) orientation over the whole temperature range examined in the present study. Figure 4 shows the typical magnetization curves of the CoPt-2 at%B films annealed at T a ¼ 350 C and 550 C. All CoPt-2 at%B and À8 at%B films annealed at T a = 300 C exhibit good perpendicular magnetic anisotropy reflecting the excellent c-axis orientation shown in Figs. 1 and 2 . By analyzing the Hall resistance curves based on eq. (2), we can determine the magnetic anisotropy constants K 1 and K 2 of L1 0 CoPt-B films. On the other hand, it is very difficult to determine the magnetic anisotropy constants of the L1 0 CoPt films, because they exhibited preferential (111) orientation as shown in Fig. 1(b) . Therefore, we have prepared a disordered CoPt(100) film epitaxially grown on MgO(100) and annealed it under the same condition mentioned above. In this case, T a higher than 600 C is necessary to give rise to the disorder/order transformation. Typical -2 scans are shown in Fig. 5 . Magnetic anisotropy measurements based on the GST method were carried out for all the L1 0 CoPt, CoPt-2 at%B and À8 at%B films mentioned above. Figure 6 shows the anisotropy constants K 1 , K 2 and K 1 þ K 2 as functions of the order parameter S. Note that K 1 þ K 2 of L1 0 CoPt-2 at%B and À8 at%B is higher than that of L1 0 CoPt without B. In Fig. 7 , the values of (K 1 þ K 2 ) for CoPt and CoPt-B with almost the same S are plotted against the axis ratio c=a. It is clear that the magnetic anisotropy is enhanced by 20% with the increase in c=a. This tendency seems to be in accord with the first principles calculation which predicts that the c-axis elongation enhances the MAE of L1 0 CoPt due to d band splitting of Co near the Fermi level E F in the minority spin state. 16) In summary, we have investigated the additive effect of B on the disorder/order transformation, the c-axis orientation, and the magnetic anisotropy energy of L1 0 CoPt, and found that small amount of B promotes the disorder/order transformation as well as the excellent c-axis orientation. The magnetic anisotropy energy (MAE) is enhanced by elonga- Tetragonality, c/a L1 0 CoPt (001) L1 0 CoPt-B (001) Fig. 7 The value of (K 1 þ K 2 ) as a function of the axis ratio c=a for CoPt and CoPt-B with almost the same S. It is clearly noticed that the magnetic anisotropy is enhanced with the increase in c=a.
